Shading devices attached to windows can be used to control solar gain and hence reduce building peak load and annual energy consumption. The performance of a shading device in this regard is strongly dependent on its solar optical properties. The current study discusses a unique measurement technique that was used to obtain off-normal solar optical properties of flat shading materials. The off-normal properties were needed in order to develop solar optical property models both for shading materials and shading devices. These models provide useful input to building peak load calculation and annual energy simulation tools. Special sample holders were designed and fabricated to facilitate measurements using a commercial spectrophotometer with integrating sphere attachment. A combination of theory and companion tests were used to confirm the validity of the approach.
Introduction
Due to the rising cost of conventional energy sources, there is an increased interest in creating buildings that not only conserve energy, but also respond to the environment in ways that control energy flow into and out of the space in a beneficial way. Building energy consumption constitutes more than 40% of the total energy consumption in the US and Canada. Improving the thermal performance of windows has great potential in this regard. It is understood that about 25% of a building's energy consumption can be attributed to windows. Solar gain will generally increase peak cooling load and cooling energy consumption, and decrease heating energy consumption. The ability to control solar gain is especially important for the successful operation of well insulated, energy efficient buildings. Fortunately, shading devices offer a cost effective strategy to actively accept or reject solar gain. Solar gain can be accepted when heating is required and rejected otherwise.
The performance of windows (shaded or not) can be estimated by taking advantage of the fact that there is no appreciable overlap between the solar and longwave radiation bands. This leads to a two-step analysis. First, with knowledge of the solar optical properties of the individual glazing/shading layers, solar radiation models determine the fraction of incident solar radiation directly transmitted and the fraction that is absorbed in each layer. Since the solar incidence angle changes by the hour, the off-normal solar optical properties of the individual layers must be available. The absorbed solar radiation in each layer then serves as a source term in the second stepthe heat transfer analysis. A typical building energy simulation (e.g., EnergyPlus [1] , ESP-r [2] ) and peak cooling loads software (e.g., ASHRAE Toolkit [3] ) might include this analysis in its hour-by-hour calculation.
Until recently, the aforementioned analysis had only been applied to unshaded windows. In that scenario, all of the layers are flat, homogenous, and specular. Further, the normal and off-normal solar optical properties of each layer are easily determined, either by experiment, or 0263-2241/$ -see front matter Ó 2011 Elsevier Ltd. All rights reserved. doi:10.1016/j.measurement.2011. 09.016 theory in the case of uncoated glass. In contrast, shading material are not necessarily flat, homogenous or specular, and it is difficult to determine solar optical properties; normal or off-normal.
The issues of flatness and homogeneity can be accommodated by assuming that the shading layer can be represented by an equivalent homogenous layer that is assigned spatially-averaged ''effective'' optical properties [4] . This approach has been successfully applied to shades such as Venetian blinds [5] and pleated drapery [6] .
The fact that many shade materials exhibit both specular and diffuse behaviour adds complexity. When solar radiation is incident on, for example, drapery, some portion of the radiation passes undisturbed through openings in the fabric and the remaining portion is intercepted by the structure of the fabric. The portion of the intercepted radiation that is not absorbed will be scattered and will leave the layer as an apparent reflection or transmission. These scattered components are assumed to be uniformly diffuse [6] .
If the structure is simple, analytical approaches can be used to estimate the effective solar optical properties of a fabric. For example, ray-tracing has successfully been employed to determine the normal and off-normal effective properties of insect screens [7] . This approach, however, is limited. In the case of insect screens, the structure is uniform, and the screen material has a quantifiable shape and solar optical properties. Fabrics however, consist of strands of yarn that are woven or knitted. The yarn itself is made up of fibres that are twisted and plied. Strands of yarn can be woven loosely, leaving open areas, or woven tightly with little or no open area. Furthermore, strands of yarn that are loosely twisted and plied could have open areas between the fibres. As a result, the task of representing drapery fabric in a mathematical model is impractical. More importantly, the model requires that the properties and shape of the fabric material (yarn, thread, etc.) be known. Obtaining that information is likely not possible, and experimental techniques are required.
One such experimental study was performed by Hunn et al. [8] . They designed an apparatus to measure the bidirectional transmittance and reflectance of fabrics. The measurements revealed the effect of textile properties (openness of weave, fibre cross section and fabric structure) on the distribution of sunlight. This information can be incorporated into a high-level computation model used to predict the bidirectional solar optical properties of the window system [9, 10] . This experimental method and the associated glazing/shading layer analysis, however, are not well suited to building energy simulation. The experimental approach provides far more detail than is required, and consequently, the complexity and cost (both monetary and time) make the approach restrictive. The required CPU time is also impractical.
In the current study, a new technique was developed and evaluated for measuring the off-normal properties of flat shading materials. Special sample holders were designed and fabricated to facilitate the measurement of solar optical properties of flat shading materials as a function of incidence angle using an integrating sphere installed in a commercially available spectrophotometer. The integrating sphere is particularly useful because it can resolve the undisturbed and scattered components of transmitted or reflected beam radiation. The sample holders were made from polished aluminium tubes with one end truncated at a known angle, h (where h = 0 represents direct normal). The interior surface of each tube was painted black in order to absorb radiation scattered in reflection during a transmittance measurement or scattered in transmission during a reflectance measurement. A similar technique was successfully used by Pettit [11] to measure the off-normal transmittance of specular glazings layers.
Spectral measurements of beam-total and beam-diffuse transmittance, and beam-total reflectance were obtained on fabric samples at incidence angles, h, ranging from 0°to 60° [12] . The spectrophotometer used in this study is a double beam, direct ratio recording, rapid scanning instrument. It has a resolution of less than 0.05 nm for the ultraviolet and visible spectra (UV-VIS) and less than 0.2 nm for the near infrared spectrum (NIR); a repeatability characteristic of less than 0.025 nm for UV-VIS and less than 0.1 nm for NIR. In operation, two detectors are used; a Photomultiplier Tube (PMT) and a lead-sulphide (PbS) photoconductive sensor. The PMT is used in the wavelength range of 0.17 < k < 0.8 lm and the PbS in the range of 0.8 < k < 3.3 lm.
For the purpose of the current investigation the spectrophotometer was operated with an integrating sphere attachment. The integrating sphere is a spherical enclosure with a highly reflective and Lambertian coating. By a combination of geometry and the highly reflective surface, light that enters the sphere becomes uniformly distributed over the entire inner surface, eliminating all directionality from that light, and producing a uniform (or integrated) light field within the sphere. The detectors can then be used to measure the intensity of this light field. The detectors are shielded by baffles so that they do not view the light source as it enters the sphere, or its first reflection. Depending on how they are configured, integrating spheres can measure and distinguish between, beam and scattered components of transmitted and reflected radiation. Theory and operating principles can be found in many references (e.g., [13, 14] ).
The integrating sphere used in this study is a 110 mm diameter sphere with a polytetrafluoroethylene (PTFE) coating. The spectral reflectance characteristic of the PTFE decreases at longer wavelengths and so useful measurements are restricted to the 0.25 < k < 2.5 lm where q PTFE = 0.98. Nonetheless, this wavelength range includes almost 98% of the solar spectrum.
It is important to note that the integrating sphere takes advantage of the double beam capability of the spectrophotometer. Both a sample and a reference beam exist, each with its own entry port. These beams, however, are not of equal intensity. The optics upstream of the sphere, and the point of first reflection within the sphere itself, are different. To adjust for this, the system is calibrated, at each wavelength, prior to taking measurements. The calibration procedure varies depending on the type of measurement required, and so each will be described in turn. It is further noted that the double beam capability accounts for changes in sphere response. Placing a sample in the integrating sphere will result in a change in signal strength from the detectors. Since both the sample and reference beams are affected similarly, this effect can be factored out.
Calibration for transmittance measurements is performed as follows (Fig. 1) . First, a 100% baseline test is performed (Fig. 1a) . To do so, readings are taken with no obstruction in the transmission port, and with a PTFE insert at the reflection port that completes the sphere. The ratio of detector signal strength between the sample beam and the reference beam should ideally be unity. The ratio that is measured, 100 k , becomes a scaling factor. Next, a 0% baseline is performed (Fig. 1b) . Here, the transmission port is blocked using an opaque material, while the PTFE insert remains at the reflectance port. The ratio of detector signal strength would ideally be 0 in this case, and the measured ratio, Z k , becomes an offset value.
To perform a transmittance measurement, s k , a test sample is mounted over the transmission port (Fig. 2) . The ratio of detector signal strength, S k , is obtained. Transmittance is then determined using ASTM E903-96 [15] 
This approach can be used to determine both the beam-total transmittance, s k,bt , and the beam-diffuse transmittance, s k,bd . To obtain beam-total transmittance, S k is measured with the PTFE insert in place at the reflectance port (Fig. 2a) . To obtain beam-diffuse transmittance, S k is measured with the reflectance port open, so that the beam component can pass through the integrating sphere ( Fig. 2b) and into a light trap. The beam-beam transmittance, s k,bb , is the difference between the s k,bt and s k,bd measurements. Calibration for reflectance measurements differs from that described for transmittance measurements (Fig. 3) . Again, a 100% baseline test is first performed (Fig. 3a) . To do so, readings are taken with no obstruction in the transmission port, and with a reflectance standard of known reflectivity, q k,ref covering the reflection port. The ratio of detector signal strength between the sample and reference beams, 100 k , is obtained. The 0% baseline is also performed (Fig. 3b) with both the transmission and reflectance ports open, allowing the sample beam to pass through the integrating sphere and into a light trap. This process allows for scatter in the sample beam to be calibrated out of the measurement. The ratio of detector signal strength, Z k , is determined.
To measure reflectance, q k , tests samples are placed at the reflection port (Fig. 4) . The ratio of detector signal strength, S k , is then obtained. The three measurements are used to determine reflectance using Eq. (2) [15] .
The reflectance measurement can either be beam-total reflectance, q k,bt , or beam-diffuse reflectance, q k,bd . This is achieved through the use of a sample positioning cap (that contains the reflectance port). To measure beam-total reflectance, the cap is positioned such that the sample is at a slight angle (h % 3°in this case) with respect to the sample beam. As a result, any specular reflection, q k,bb is directed to the side of the integrating sphere, and is included in the measurement. To measure beam-diffuse reflectance, the cap is positioned so that incident beam is normal to the sample. Any specular reflection will exit the sphere through the transmission port, where a combination of offset optical elements and a light trap prevents the reflection from finding its way back into the integrating sphere. In this way, it will not be included in the measurement. Again, q k,bb is simply the difference between the q k,bt and q k,bd readings.
It is worth noting that, by not factoring in the diffuse or specular nature of the sample during calibration, a measurement error is introduced. Transmission calibration is carried out on what is effectively a purely specular transmitter (i.e., air). The first reflection from the sphere wall is not within the detectors view, and therefore the sample beam must reflect at least twice before it is sensed. When a measurement is performed on a diffusing sample, the detectors sense radiation after only one reflection. The result is that the transmission tends to be over-predicted by a factor of 1/q PTFE (i.e., a 2% over-prediction of transmittance for diffusing samples). Conversely, reflectance calibration is performed using a diffusing calibration standard. Light striking the calibration standard is sensed by the detector after two reflections. If a specularly reflecting sample is then measured, neither the first reflection (from the sample) nor the second reflection (from the sphere wall) will be sensed by the detectors. The signal is not sensed until after the third reflection. The result is that measurements of specular samples tend to be underpredicted by a factor of q PTFE (i.e., a 2% under-prediction of reflectivity for specular samples). (See Appendix A for more detail). This error tends to be ignored. Nonetheless, these effects are germane to the test procedure introduced in this work, and are further discussed in a later section.
Adaptation of integrating sphere for off-normal measurements
Sample holders were designed and fabricated to adapt the integrating sphere for measurement of transmittance and reflectance at off-normal incidence (Fig. 5 ). The sample holders were made from aluminium tubes with one end machined at an angle to permit incidence angles ranging from 0°to 60°in 15°steps. Adapters were also built to mount sample holders at either the reflection or transmission port. Each sample holder is 40 mm long with internal and external diameters of 13.75 and 15.75 mm. At the transmission port, the incident beam is rectangular in cross-section with dimensions of 13.44 mm Â 11.04 mm. Thus, the diagonal of the beam cross-section is 17.39 mm which is greater than the internal diameter of the holder. Preliminary investigation showed that measurements were in error by about 2% because the fixed sample holder tubes were intercepting a small portion of the incident beam. To ensure that the incident beam would pass through the holder without interference a beam reducer was glued to the outer face of the transmission port adapter. The beam reducer is simply a thin plate with a 12.80 mm diameter hole. Reduction of the incident beam eliminated the aforementioned error.
Typical configurations for transmittance and reflectance measurements using a fixed sample holder are shown in Figs. 6 and 7. In each case the sample holder projected into the sphere a distance of 30 mm. For the integrating sphere used in this study, this projection distance was not enough to place the sample holder within direct view of the detectors. Ideally, the exterior surface of the sample holder should be coated with a highly reflective coating such as PTFE or barium sulphate. Such a surface would have a very low absorptance thereby ensuring that the detector signal strength would not be reduced appreciably. However, it was too expensive to use a PTFE coating, and barium sulphate coating did not adhere well to the sample holder. A more pragmatic way of achieving a highly reflective sample holder was to polish the exterior surface of the sample holder. However, it was not clear what impact the highly specular polished sample holder might have on the measurements. This issue is explored further in Section 4.2 and Appendix B.
Off-normal transmittance measurement
To maintain integrating sphere response characteristics, both the calibration and measurement were performed with fixed sample holders of identical geometry. With the reflection port covered, a sample holder without a sample attached, was mounted at the transmission port. Fig. 6a demonstrates this, but with the sample in place. The 100% baseline readings were taken. The transmission port was blocked and the 0% baseline readings were taken. A sample was attached to the angled end of an identical sample holder and mounted at the transmission port. With the reflection port closed, spectral readings were taken to obtain s k,bt (h) (Fig. 6a) . The reflection port was opened and s k,bd (h) readings were taken (Fig. 6b) .
Off-normal reflectance measurements
As with transmittance measurements, to maintain integrating sphere response characteristics, both the calibration and measurement were performed with fixed sample holders of identical geometry. In this case, however, a set of reflectance references had to be fabricated by filling the angled end of sample holders with barium sulphate paste. The paste was pressed against a smooth surface and left to dry. The solar reflectance of barium sulphate (q BaSu = 0.96) was measured to obtain q k,ref (for use in Eq. (2)). A reflectance reference with an end angle h was installed at the reflection port. The transmission adapter was installed at the transmission port to reduce the size of the incident beam. The 100% baseline was recorded. The reflectance reference was replaced with an open sample holder (same h) and the 0% baseline was recorded. Finally, a sample was attached to the angled end of a sample holder (Fig. 7) . Beam-total reflectance, q k,bt , readings were taken.
Calculation of solar properties
Since the aim of the current study was to generate solar (spectrally averaged) optical properties for building energy simulation, no spectral data are presented. The solar optical properties were calculated using the 50-point selected ordinate method described in ASTM E903-96 [15] and using the air-mass 1.5 solar spectrum outlined in ASTM E891-87 [16] . The k subscript is dropped when considering spectrally averaged properties.
Additional considerations
Consider beam radiation incident on a flat shading material. A portion of the incident beam radiation will pass undisturbed through the openings of the shading material (i.e., fabric, roller blind or insect screen). This constitutes the beam-beam transmittance, s bb . The remaining portion is intercepted and undergoes multiple reflections within the structure (e.g., yarn, wires, roller blind material) as well as possible transmission through the structure. The portion of the intercepted radiation that is not absorbed by the material emerges in the forward or backward direction. The portion that emerges in the forward direction constitutes beam-diffuse transmittance, s bd , while the portion that emerges in the backward direction is the beamdiffuse reflectance, q bd . The word diffuse indicates that these scattered components are assumed to be uniformly distributed when subsequently used in simulation models (e.g. [4] ). While not strictly correct, this is a predominant assumption in building simulation, which rarely attempts to retain information about the directionality of radiative transfer. It was assumed that the shading layers considered do not exhibit specular reflection, q bb % 0. This assumption was later confirmed by experiment. The beam-total reflectance, q bt , is therefore equal to the beam-diffuse reflectance, q bt = q bd . The beam-total transmittance, s bt , is the sum of s bb and s bd . Openness factor is defined as the ratio of the open area to the total area of the sample, viewed normal to the sample. At normal incidence the beam-beam transmittance is a good measure of the openness factor, A o [12, 17] , i.e., A o = s bb (h = 0).
Measurements
Fabric samples were obtained with the primary aim of locating samples that fit into each of the nine designations outlined by Keyes [17] Table 1 .
The results of measurements taken using the described technique are presented in Table 2 . The material characteristics themselves are not germane to the current discussion. The reader is referred to Kotey et al. [12] for a complete discussion of the off-normal properties of drapery fabric. It is noted that the methodology was also applied to roller shades [18] and insect screens [19] .
Analysis of methodology
Since the technique used to measure off-normal solar properties using the integrating sphere is new, particular attention is devoted to the investigation of both random and systematic uncertainties in the measurements. Both theory and experimentation were considered in the quantification of several possible sources of uncertainty.
Measurement uncertainty
Uncertainty in standard integrating sphere measurements may be attributed to several factors (ASTM E903-96 [15] ). The uncertainty associated with the raw measurements, with or without the integrating sphere, is small. The spectrophotometer was configured to take measurements at 2 nm intervals. At each wavelength, thirty samples were taken so that the random uncertainty attached to spectral readings was well below ±0.001 at a 95% confidence level. Note that the 0% and 100% reference for transmittance as well as the 0% reference for reflectance are exact quantities. More significant systematic uncertainty is associated with the conversion of spectral data to total solar properties. Systematic uncertainty caused by the choice of solar spectrum was ignored. Since measurements were obtained from the ratio of sample and reference detector signals, (Fig. 8 ). An aluminium plate with an aperture where a sample could be mounted was attached to the graduated dial of the BA holder. It enabled s bb measurements over a wide range of incidence angles. The incident beam was simply aligned with the detector such that scattered radiation was excluded. The overall uncertainty associated with this measurement is estimated to be ±0.02 at 95% confidence level. This estimate is considered to be conservative given the fact that majority of the systematic uncertainties in integrating sphere measurements may be attributed to the sphere design.
A comparison between s bb measurements made with and without the integrating sphere was performed (Table 3) . Generally, discrepancies between the two sets of measurements did not exceed ±0.04; the stated uncertainty associated with integrating sphere measurements. The observed agreement further strengthens the credibility of the measurements procedure. Even though large values of relative error were expected when s bb is small, the results demonstrate that there was no appreciable difference in the measurements.
Projection of sample holder into the integrating sphere
To establish what impact the projecting sample holders would have on detector signal strength, a rudimentary radiosity analysis was performed (Appendix B). That In conjunction with this analysis, a set of transmission measurements were conducted. Sample holders with two surface finishes were considered representing best and worst case scenarios. These were a highly polished surface with 80% reflectance and a black painted surface with 5% reflectance. For each surface finish, a set of sample holders with projected lengths ranging from 5 to 30 mm, in 5 mm steps, were fabricated. Each sample holder had a 0°end angle (i.e. cut square).
The integrating sphere was first calibrated in transmission mode. The transmittance of the sphere without a sample holder in place was then measured and was found to be 100% (as expected). Without recalibration, a sample holder was mounted at the transmission port and a 100% transmittance measurement taken. Any measurements that deviated from 100% transmittance would be indicative of relative changes in signal strength between the sample and reference beams. This procedure was repeated for each set of sample holders.
The results of this analysis showed that regardless of the surface finish, the calculated transmission decreased as the projection increased (Fig. 9) . The polished sample holder degraded the measurement less than the black painted sample holder. At the maximum projection of 30 mm, the reduction in measurement was 2.8% for the polished sample holder versus 6.1% for the black painted sample holder.
It should be emphasised that the bias caused by the presence of sample holders is eliminated by calibration. Accordingly, the total direct-normal transmittance of a number of fabric samples were conducted both using standard measurements procedure, and using a 30 mm sample holder. In the latter case, the calibration was performed with the sample holder in place. The results of this comparison are shown in Table 4 . As can be seen, the difference in all cases is within the experimental uncertainty of the measurement procedure. It is also noted that while the preceding analysis was based on transmittance measurements, the same analysis can be applied to reflectance measurements.
Orientation of the sample holder
It was previously noted that differences between the specular and diffusing nature of samples, when compared to the specular and diffusing nature of the calibration samples, could lead to systematic errors in measured properties (Appendix A). The error here lies with the number of reflections that occur within the sphere before the light is seen by the detector. When compared to a diffusing sample, radiation transmitted or reflected by a specular sample will have one additional reflection from the integrating sphere surface before it can be seen by the detectors. The resulting error is on the order of ±2%. By extension, in any integrating sphere measurement, a systematic uncertainty could arise due to the fact that scattered radiation originating at the sample is not uniformly distributed over the surface of the integrating sphere, and that this nonuniform distribution may be seen by the detectors (i.e. the first reflection seen by the detector has not yet been 'integrated'). Given the typical directional distribution of transmitted or reflected radiation from real materials, the resulting error will be less than the ±2% quoted above.
When performing measurements with angled and projecting sample holders, the aforementioned problem can become a serious issue. Radiation that originates from a sample will not fully illuminate the surface of the integrating sphere until it has undergone one subsequent reflection from the sphere surface. Should this partially illuminated portion of the sphere include the region viewed by the detectors (called the virtual detector), then the detectors will sense a 'concentrated' first reflection. In its extreme, one could potentially direct a specular reflection directly onto the virtual detector, creating a hot spot. The ratio of sphere surface, A S , to illuminated area, A C , for each holder is shown in Table 5 .
In the following discussion, a number of assumptions have been made. Samples are assumed to either be purely specular or purely and uniformly diffuse as appropriate. It is also assumed that reasonable care has been made so that the detectors cannot view the sample or projecting sample holder directly. Likewise, care has also been taken to avoid directing any initial specular reflection onto the virtual sensor.
It is noted that a particular notation has been used for convenience. The superscript 'up' refers to a projecting sample holder that faces the sample away from the virtual detector (but not into the view of the detectors). The superscript 'down' refers to a projecting sample holder that faces the sample towards the virtual detector. The locations of the detectors and virtual detector may vary depending on specific integrating sphere geometry.
Transmission
Calibration for transmission measurements is described in Section 2. As mentioned in that section, the ratio of signal strengths from the sample beam and reference beams make up the quantity 100. Those signal strengths can be represented by the radiosity of the virtual sensor.
First consider the sample beam. It has a flux, I src , over area, A src . The 100% transmission test allows the beam to enter the integrating sphere where it is reflected diffusely from the PTFE coating (q = q PTFE ). This first reflection causes irradiance on the entire sphere surface, G, that is not seen by the detectors.
The flux, J, leaving any point on the integrating sphere wall after the second reflection is
This flux is the first and strongest reflection seen by the detector. It follows that after infinite reflections, the total flux sensed by the detector, J src , is
Similarly, the flux sensed by the detector from the refer- 
If a measurement is performed on a specularly transmitting sample, the sample beam behaves similarly to the 100% transmission test, except that the first reflection is attenuated by the samples transmittance, s smp . Eqs. (8) and (10b) become
where J S src is the flux sensed by the sensor. The ratio S is
Substituting Eqs. (12) and (15) into Eq. (1), and noting that Z = 0 shows that the process indeed results in a measurement of s smp .
These two cases demonstrate that the orientation of the sample holder has no impact on the resulting measurement for specular transmittance measurements. Now consider a measurement of a diffusing sample. The sample holder is oriented such that the sample beam passes through the sample, and is distributed over a section of the sphere with area, A C , that does not include the virtual detector. It follows that after infinite reflections, the flux sensed by the detector, J D;up src , is:
and
Substituting Eqs. (12) and (17) into Eq. (1), and with Z = 0, will again show that the process indeed results in a measurement of s smp . The orientation of the sample holder has caused an additional reflection in the sample measurement, thereby resulting in an unbiased measurement.
If the same process, however, was carried out on a diffusing sample that illuminates the virtual detector, a different result is obtained. 
Substituting Eqs. (12) and (19) into Eq. (1), with Z = 0, and using representative values of q = 0.98 and A S /A C from Table 5 , shows that the value of s smp will be over-predicted by about 3% for all of the angles considered. When measuring diffusing samples, it is obvious that efforts should be made so that the virtual detector is not illuminated by the sample itself. If this can be achieved, the measurement can be obtained without bias. Avoiding illumination of the virtual detector, however, is not always possible. If it cannot be avoided it is recommended that the tube be made as short as possible such that the ratio A S /A C approaches unity. In this way, the error approaches what is normally observed (and ignored) by traditional measurement techniques.
It is noted that when obtaining beam-total measurements for Table 2 , neither of these guidelines were followed. For measurements at 45°and 60°. The sample holder should have been oriented to avoid illuminating the virtual detector. As such, these results should be on the order of 3% too large. Consider sample IIL; from Table  2 , that sample has a beam-total transmittance of 0.39 for a 45°incidence angle. When re-measured with the angled sample holder facing away from the virtual detector, the beam-total transmission was 0.37. The latter measurement is considered more accurate. For the remaining angles, illuminating the virtual sensor was unavoidable, and so the tubes should have been cut shorter to reduce A S / A C . In theory, this could have reduced the measurement error from about 3% to about 2% too high. Even so, that the predicted bias in these readings is well within the quoted accuracy of the measurements (±0.03), and therefore no effort was made to re-measure any of the values presented in Table 2 .
Reflection
Calibration for reflectivity measurements is described in Section 2. As mentioned in that section, the ratio of signal strengths from the sample beam and reference beams make up the quantity 100. Those signal strengths can be represented by the radiosity of the virtual sensor.
First consider the sample beam. It has an intensity, I src , and area, A src . The 100% transmission test allows the beam to enter the integrating sphere where it is reflected diffusely from a calibrated reference sample (with reflectivity q ref ). In this case, the irradiance, G, falls on a portion of the sphere, A C , that does not include the virtual detector.
The flux, J, leaving the illuminated portion of the sphere wall after the second reflection is
This flux is also not viewed by the detector, but is viewed in subsequent reflections. The total flux sensed by the detector, J up src , is
The reference beam, however, does not strike an angled sample holder. After its first reflection, it is distributed evenly over the sphere. Following a similar methodology, the flux sensed by the sensor from the reference beam, J ref , is still given by Eq. (11), and the ratio 100 is 100 ¼ J up src
If a measurement is now performed on a diffusely reflecting sample, the sample beam behaves like the 100% transmission test, except that the first reflection occurs with the samples reflectivity, q smp . Eqs. (20) and (22b) respectively become Now assume that radiation from the calibration sample did illuminate the virtual detector. In this case, G (Eq. (20)), falls on a portion of the sphere, A C , that does include the virtual detector. Therefore, the flux, J (Eq. (21)), leaving the illuminated portion of the sphere wall after the second reflection becomes the first reflection sensed by the detector. This reflection is spread evenly over the entire sphere, and it follows that after infinite reflections, the flux sensed by the detector, J down src , is
J ref is still given by Eq. (11), and the ratio 100 is
If a measurement is now performed on a diffusely reflecting sample, the sample beam behaves like the 100% transmission test, except that the first reflection occurs with the samples reflectivity, q smp . Eq. (27b)
Substituting Eqs. (28) and (30) into Eq. (2), and with Z = 0, the process indeed results in a measurement of q smp .
The orientation of the sample holder has no impact on the measurement of diffuse reflectance, so long as the calibration and measurement are performed with the same sample holder orientation. Now consider a specularly reflecting sample in any orientation. When the sample beam reflects from the sample it re-encounters the sphere over a small area that is not located on the virtual detector. This reflection is distributed evenly over the sphere. It follows that after infinite reflections, the flux sensed by the detector, J S src , is
If the calibration was performed such that the virtual sensor was not illuminated, we would substitute Eqs. If the calibration were performed such that the virtual sensor was not illuminated, we would substitute Eqs. (28) and (32) into Eq. (2). Here
Using Eq. (33) with representative values of q = 0.98 and A S /A C from Table 5 , shows that the value of q smp will be under-predicted by about 3% for all of the angles considered.
When measuring specular samples, it is obvious that efforts should be made during calibration so that the virtual detector is not illuminated by the calibration sample itself. If this can be achieved, the measurement can be obtained without bias. Avoiding illumination of the virtual detector, however, is not always possible. If it cannot be avoided it is recommended that the tube be made as short as possible such that the ratio A S /A C approaches unity. In this way, the error approaches what is normally observed (and ignored) by traditional measurement techniques.
These calculations can be tested for diffusing samples. From Table 2 , the beam-total reflectance of sample IIL was originally measured to be 0.62 at 45°. The system was calibrated with the reflectance standard facing upward, and then a sample was measured facing upward and downward. The system was then recalibrated with the reference tile facing downward, and upward and downward measurements performed again. The results of this exercise are shown in Table 6 . It is noted that while all of the errors are within the quoted accuracy of the measurements (±0.03). Even so, the results lend some credence to the calculations.
Conclusions
A novel technique has been developed to measure the off-normal solar optical properties of flat shading materials by adapting an integrating sphere originally designed to measure solar optical properties at normal incidence. Measurements were taken at varying incidence angles for a wide variety of flat shading materials (i.e., fabrics, roller blinds and insect screens). The measurements include beam and diffuse components. The solar properties obtained at off-normal incidence can be used to develop models on the basis of similar properties measured at normal incidence. These off-normal property models serve as useful input to building peak load calculation and annual energy simulation tools.
The technique involved the design and fabrication of special sample holders that were attached to an integrating sphere that is used in conjunction with a spectrophotometer. Although calibration accounts for the presence of the tube inserts, by making them black on the inside, and reflective on the outside, signal strength is maximised (and potential errors are reduced). For reflectivity measurements, the fabrication of reflectance standards is necessary.
To employ this technique, the operator must understand the geometry of their integrating sphere, including the location of the detectors and the virtual detector. By following a few rules, the errors inherent in the technique can be reduced or eliminated. First, never locate the sample within direct view of the detectors. Second, an attempt should be made to design a particular holder such that the (1), and with Z = 0, shows that an inequality exists. The estimation of s smp is actually s smp /q, and the calculation will over-predict by 2% (of the reading, not of full scale). By extension, measurements on a sample that is partially diffusing will have up to 2% error; depending on the distribution of the transmitted light.
A.2. Reflection
Calibration for reflectivity measurements is described in Section 2. As mentioned in that section, the ratio of 1 For the purposes of this discussion, the k subscript has been dropped. detector signal strengths from the sample beam and reference beams make up the quantity 100. Those signal strengths can be represented by the radiosity emitted from the virtual detector.
First consider the sample beam. It has a flux, I src , and area, A src . The 100% transmission test allows the beam to enter the integrating sphere where it is reflected diffusely from a calibrated reference sample (with reflectivity q ref ).
The irradiance caused by this first reflection from the reference sample, G, is uniformly distributed over the entire sphere area. If a measurement is performed on a specularly reflecting sample, however, the result is again inaccurate. When the sample beam reflects from the sample, it is not distributed over the surface of the sphere. The reflection goes to the side of the sphere where it is then reflected over the entire surface of the sphere. It follows that after infinite reflections, the flux sensed by the detector from the sample beam for a specular sample, J (2), and with Z = 0, shows that an inequality exists. The estimation of q smp is actually q smp q, and the calculation will under-predict by 2% (of the reading, not of full scale). By extension, measurements on a sample that is partially specular will have up to 2% error; depending on the directional distribution of reflected radiation.
Appendix B. Integrating sphere response to errors due to presence of sample holders
To gauge the sphere response (reduction in sensor strength) due to the presence of the sample holders, a worst case scenario was considered.
For the purpose of this discussion, a 4-surface model of the sphere is considered. Surface 1 is the opening of the sample holder. It was assumed to be a 15.75 mm diameter circle. Surface 2 is the first point of illumination from the sample beam on the sphere wall. It too was assumed to be a 15.75 diameter circle (for simplicity) with a reflectivity of q = 0.98. Surface 3 is the outer surface of the sample holder. It was a 15.75 mm diameter tube that projects up to 30 mm into the sphere, with a reflectivity of q 3 . Finally, It is noted that the reference beam will also experience a reduction in detector signal strength due to the presence of the sample holder. Therefore, calibration with the sample holder in place will remove the influence of the sample holder on the measurement.
